Model peptides that mimic specific structural properties of naturally-occurring antimicrobial peptides provide a valuable tool for studying the role of different structural features in the activity of those peptides. A large array of derivatives based upon these structural models has been synthesized and studied in an attempt to increase the potency and selectivity of the native antimicrobial peptides. 1, 2) Enhancing the antimicrobial potency is often accompanied by a concomitant reduction in selectivity between bacterial and mammalian cells. The affinity of antimicrobial peptides for the membrane surface may be a crucial factor in the lytic process, since selective binding to different phospholipids is central to the design of antimicrobial peptides that can discriminate between bacterial and mammalian cells.
We recently designed a novel linear cationic 18-residue peptide, (KIGAKI) 3 -NH 2 , which has the potential to form an amphipathic b-sheet structure when bound to a lipid bilayer. 3, 4) This model b-sheet peptide possessed potent antimicrobial activity and low hemolytic activity. In a previous study, 4) we developed analogues of KIGAKI containing a single tryptophan residue at position 2 (W 2 -KIGAKI), position 8 (W 8 -KIGAKI), or position 18 (W 18 -KIGAKI), respectively, in each case replacing an isoleucine residue. In addition, an octanoylated analogue of W 8 -KIGAKI (Oct-W 8 -KIGAKI) was included since the inclusion of an alkyl group at the N-terminus of the peptide can sometimes increase the antimicrobial potency.
1) The lytic properties of these model tryptophancontaining peptides were compared by monitoring peptideinduced permeability changes in liposomes with varying lipid composition.
The use of surface plasmon resonance (SPR)-based biosensors to study the membrane-binding properties of antimicrobial peptides has the advantage of not requiring the presence of labels or chromophores. 5) We previously demonstrated the efficacy of SPR by monitoring the interactions of various peptides to the lipid membranes. 4, [6] [7] [8] [9] We have shown that the kinetic rate constants and the affinity of membrane interactions measured using this technique can provide important insights into the mechanism of peptide-membrane interactions. In the present study, we used SPR to investigate the lipid membrane-binding properties of four 
MATERIALS AND METHODS

Chemicals and Reagents
All peptides were synthesized using Fmoc chemistry by ResGen (Huntsville, AL, U.S.A.). The crude peptides were purified by reverse-phase HPLC. Purity was checked by reverse-phase HPLC and electrospray mass spectrometry. Table 1 .
Apparatus The SPR system used was a BIACORE 3000 analytical system (Biacore, Uppsala, Sweden) using the L1 sensor chip (Biacore), which is composed of alkyl chains covalently linked to a thin dextran-coated gold surface. The running buffer used for the estimation of interaction of the peptides with the membrane was a 20 mmol/l phosphate buffer (pH 6.8) containing 150 mmol/l sodium chloride/di- The washing solution was a 20 mmol/l CHAPS and the regeneration solution was a 10 mmol/l sodium hydroxide. All solutions were freshly prepared, degassed, and filtered through a 0.22-mm filter.
Liposome Preparation To prepare individual stock solutions, POPC, POPG, a 4/1 POPC/POPG ratio, or 4/1 POPE/POPG ratio were dissolved in a mixture of chloroform/methanol (75 : 25, v/v). The solvents were evaporated under a stream of nitrogen, and the lipids were dried under a vacuum overnight. The lipids were resuspended in 20 mmol/l phosphate buffer (pH 6.8) containing sodium chloride 150 mmol/l. The resultant lipid dispersion (a concentration of 1 mmol/l with respect to each phospholipid) was sonicated until nearly clear and extruded 17 times through polycarbonate filters in order to obtain small unilamellar vesicle (SUV) 50 nm in size (LiposoFast, pore diameter 50 nm).
Formation of Lipid Bilayer Membranes The L1 sensor chip surface was washed with an injection of 5 ml of 20 mmol/l CHAPS at a flow rate of 5 ml/min. SUVs (80 ml) were immediately applied to the sensor chip at a flow rate of 2 ml/min for liposome capture. To remove any multilamellar structures from the lipid surface, 30 ml of 10 mmol/l sodium hydroxide was injected at a flow rate of 50 ml/min, which resulted in a stable baseline corresponding to the supported lipid bilayer. 4, [6] [7] [8] [9] The response units of lipid membranes immobilized on the L1 chip were 5000-7000.
Peptide Binding to the Bilayer Membrane Peptide solutions were prepared by dissolving each peptide in 20 mmol/l phosphate buffer (pH 6.8) containing 150 mmol/l of sodium chloride/DMSO (99 : 1, v/v) from 10 to 100 mmol/l. The solutions (20 ml, 120 s) were injected over the lipid surface at a flow rate of 10 ml/min to avoid limitation by mass transfer. On completion of injection, buffer flow continued to allow a dissociation time of 600 s. All binding experiments were carried out at 25°C. The affinity of each peptide for the lipid bilayer membrane was determined from analysis of a series of response curves collected at seven different peptide concentrations injected over each lipid surface. The inclusion of 1% DMSO was required to maintain the solubility of peptide solutions and to obtain the concentration-dependent sensorgrams for kinetic analysis in this study. There was no difference in the data obtained from the kinetic analysis of the W 8 -KIGAKI peptide with or without DMSO (data not shown).
The sensorgrams for each peptide-lipid interaction were analyzed by curve fitting using numerical integration analysis. The data were fitted globally by simultaneously fitting the peptide sensorgrams obtained at seven different concentrations using BIA evaluation software (Ver. 4.1). The twostate reaction model was applied to the resulting peptide binding curves to estimate the association and dissociation rate constants, and this model was chosen on the basis of previous studies of peptide-membrane interaction. 4, [6] [7] [8] [9] RESULTS AND DISCUSSION Figure 1 shows representative sensorgrams for the binding of W 8 -KIGAKI and Oct-W 8 -KIGAKI to immobilized POPG. For all peptides, there was a proportional increase in the response as a function of peptide concentration, indicating that the system has not reached saturation. The association (k a1 , k a2 ) and dissociation (k d1 , k d2 ) constants and the affinity constant (K) estimated by the two-state reaction model are listed in Table 2 . This model was selected on the basis of the multistep model of peptide-lipid interactions, which may involve initial electrostatic interaction followed by reorientation and/or insertion of the peptide into the hydrophobic interior of the membrane. 4, [6] [7] [8] [9] The highest affinity for each peptide was obtained with POPG, reflecting a strong electrostatic contribution to the in- These results indicate that the position of tryptophan in the peptide sequence can influence the interaction of these peptides with the membrane. The affinities of peptides were also generally higher with the 4/1 POPE/POPG than with the 4/1 POPC/POPG. This finding demonstrates that the peptides selectively bind to 4/1 POPE/POPG as a bacterial model membrane, as compared to the 4/1 POPC/POPG as a mammalian model membrane.
Binding Property of Peptides to the Lipid Membrane by SPR
Comparision of SPR Data with Bioactivity The SPR data can be compared with previously reported functional properties of these peptides. 4) The membrane specificity of the peptides for the four lipid mixtures is consistent with the lytic activity as measured by peptide-induced leakage from calcein-loaded liposomes using fluorescence dequenching. In addition, the bactericidal potency of the four peptides was in the order of Oct-W 8 -KIGAKIϾW 2 -KIGAKI and W 18 -KI-GAKIϾW 8 -KIGAKI, which also correlates with the order of the SPR-derived affinity constants for each peptide with 4/1 POPE/POPG as a bacterial model membrane. Moreover, Oct-W 8 -KIGAKI exhibited a much higher affinity for POPC and 4/1 POPC/POPG than the other peptides, which correlates with the higher hemolytic activity of Oct-W 8 -KIGAKI (40%) as compared with the other peptides (Ͻ10%).
In conclusion, the lipid membrane-binding properties of four tryptophan analogues of an 18-residue linear amphipathic b-sheet cationic antimicrobial peptide, (KIGAKI) 3 -NH 2 , were investigated using SPR. The SPR study revealed that the position of the tryptophan in the peptide sequence exerts a significant effect on the binding characteristics of each peptide. In addition, the kinetic binding data correlated closely with the ability of the peptides to lyse liposomes and kill bacteria. Therefore SPR may prove to be a valuable tool to predict the biological activity of antimicrobial peptides. Vol. 28, No. 1 
